Abstract: Glycerol has been reported to have a promoting effect in pulmonary tumorigenesis induced by 4-nitroquinoline-1-oxide (4NQO) in ddY mice, but not in mice pretreated with urethane (UR) or 3-methylcholanthrene (3MC). To investigate the modifying effects of glycerol on the development of lung tumors induced by UR or 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), transgenic CB6F1 mice carrying the human proto-type c-Ha-ras gene (rasH2 mice) and their wild littermates (non-Tg mice) were given a single intraperitoneal injection of UR or NNK. One week after the treatment of the carcinogen, they were allowed to drink 5% solution of glycerol ad libitum for 26 weeks. In rasH2 mice, alveolar/bronchiolar hyperplasias, adenomas, and carcinomas were induced in UR alone, UR + glycerol, NNK alone, and NNK + glycerol groups, but there were no significant differences in the incidences and multiplicity between UR alone and UR + glycerol groups or NNK alone and NNK + glycerol groups. In non-Tg mice, hyperplasias and adenomas were induced in UR alone, UR + glycerol, NNK alone, and NNK + glycerol groups, but no significant difference was observed between UR alone and UR + glycerol groups or NNK alone and NNK + glycerol groups. These results suggest that glycerol does not have a promoting effect in pulmonary carcinogenesis in rasH2 mice induced by urethane or NNK. (J Toxicol Pathol 2002; 15: 215-220) 
Introduction
Glycerol has been reported to have a promoting action in pulmonary tumors induced by 4-nitroquinoline-1-oxide (4NQO) in ddY mice [1] [2] [3] . On the other hand, since it has been reported that glycerol failed to enhance lung tumor development in the majority of experiments when 6 strains of mice had been pretreated with 4-NQO, urethane or 3-methylcholanthrene (3MC) 4 , the promotion effect of glycerol on lung tumorigenesis in mice are considered to be highly dependent on the carcinogen used as an initiation treatment or strain used. Urethane is genotoxic and carcinogenic in rats, mice, and hamsters producing various tumors. Particularly in mice, pulmonary tumors develop at high incidence 5 . NNK is a mutagenic tobacco-specific carcinogen, which induces lung tumors in rat 6, 7 , mice [6] [7] [8] , and hamsters 6, 7 . The transgenic CB6F1 mice carrying the c-Haras gene, namely rasH2 mice, is thought to be a promising candidate as an animal model for the development of a rapid carcinogenicity testing system for its high susceptibility to genotoxic carcinogens, especially the pulmonary carcinogens 9 . However, it is unknown whether glycerol shows a promoting effect in lung tumors of rasH2 mice initiated with urethane of NNK.
The present study was performed to examine tumor modifying effects of glycerol on lung carcinogenesis initiated with urethane or NNK, using rasH2 mice.
Materials and Methods

Chemicals
The UR (purity, >99%) and glycerol (purity, >99%) used in the present study were purchased from Sigma Chemical Co. (St. Louis, MO, USA) and Wako Pure Chemical Industries, Ltd., (Osaka, Japan), respectively. NNK was obtained from Toronto Research Chemicals (Toronto, Canada).
Animals and treatment
Mice used in the present study were transgenic mice carrying the human prototype c-Ha-ras gene with its own promoter region that were originally established by Saito et al. at the central Institute for Experimental Animals (Kawasaki, Japan). C57BL/6J males carrying the transgene were crossed with BALB/cByJ females. The F1 offspring were screened by the polymerase chain reaction (PCR) or Southern blot analysis for the presence of the human prototype c-Ha-ras gene, and divided into two groups of CB6F1-Tg rasH2 mice (rasH2 mice) and non-transgenic CB6F1 littermates (non-Tg mice). In this study, male rasH2 and non-Tg mice, 7 weeks old, were obtained from the Central Institute for Experimental Animals and housed four to five animals in polycarbonated cages with white chips as bedding, in air conditioned room (room temperature 23 ± 2°C, relative humidity 55 ± 5%, a 12 light/12 dark cycle). Basal pellet diet (CRF-1, Oriental Yeast Co. Ltd., Tokyo) and tap water were provided ad libitum. After 1-week acclimatization period, animals without any abnormal findings were selected for the present study.
Carcinogenesis experiments
UR experiment: After the acclimatization period, twenty-four of rasH2 and non-Tg male mice received a single intraperitoneal injection of 250 mg/kg body wt UR, and sixteen of rasH2 and non-Tg mice were given 10 ml/kg body wt of vehicle (0.85% NaCl) intraperitoneally at 8 weeks of age. One week after the injection, they were divided into four subgroups. Eight UR-initiated rasH2 mice were allocated to subgroup 2 (UR alone) and the 16 to subgroup 4 (UR + glycerol), and non-Tg mice were allocated in the same manner. Eight rasH2 mice without initiation were allocated to subgroup 1 (Control) and the remainder to subgroup 3 (glycerol alone).
NNK experiment: After the acclimatization period, twenty-four of rasH2 and non-Tg male mice received a single intraperitoneal injection of 3 mg/mouse NNK and sixteen of rasH2 and non-Tg mice were given 10 ml/kg body wt of vehicle intraperitoneally at 8 weeks of age. One week after the injection, they were divided into four subgroups. Eight NNK-initiated rasH2 mice were allocated to subgroup 2 (NNK alone) and the 16 to subgroup 4 (NNK + glycerol), and non-Tg mice were allocated in the same manner. Eight rasH2 mice without initiation were allocated to subgroup 1 (Control) and the remainder to subgroup 3 (glycerol alone).
In each experiment, they were housed four in a cage and the initial mean body weights were approximately equal. After the initiation treatment phase, mice in subgroups 1 and 2 received tap water ad libitum and those in subgroups 3 and 4 were given 5% glycerol solution as drinking water ad libitum for 26 weeks. The 5% glycerol solution was prepared every week and replaced once a week for animals during the experimental period. Individual body weights and food consumption in each group were measured every week during the first twenty weeks and one every 2 weeks thereafter. The mean actual intake of glycerol was calculated from the mean body weights and mean food consumptions. All surviving animals were exsanguinated from the axillary artery under ether anesthesia and necropsied at week 27. Lungs were fixed by intratracheal infusion of 10% neutral buffered formalin. Two to five parts trimmed from each lobe were embedded in paraffin, sectioned at 4-5 µm in thickness and stained with hematoxylin and eosin for microscopic examination. Lung proliferative lesions were classified into alveolar/bronchiolar hyperplasias, adenomas, and carcinomas as reported previously 10 .
Immunohistochemical staining using antibody against PCNA (Proliferating Cell Nuclear Antigen, DAKO Japan, Kyoto, Japan) was performed in the lungs of UR treated groups. Mouse monoclonal antibodies for PCNA were applied at a dilution of 1:100 and the biotinylated secondary antibody and peroxidase-antiperoxidase complex (PAP) method were performed with 3,3'-diaminobenzidine (DAB) as a chromogen. The numbers of PCNA-positive cells were counted in randomly selected areas of adenomas in the lungs. The cells in which nuclei were positive for PCNAimmunostaining were counted as PCNA-positive cells. The PCNA labeling index of lung proliferative lesions were calculated as the ratios of positive cells per 100 cells. Data for incidences of pulmonary proliferative lesions were analyzed by Fisher's exact probability test. Multiplicities, rations of lung tumor areas to total examined areas, and PCNA labeling indices of tumors and respiratory epithelial cells were analyzed by Student's t-test.
Results
UR experiment: In rasH2 mice, one out of 8 mice in the UR alone group died at week 23 and four out of 16 mice in the UR + glycerol group at weeks 20, 23, 25, and 26 due to lung tumors, hemangiosarcomas in the spleen, or hydrothorax. There was no death in any group of non-Tg mice throughout the period of treatment. No intergroup difference was observed in body weights and the amount of food consumption. The ingestion of glycerol was 1.2-2.1 and 1.1-2.9 g/kg per day in rasH2 mice and non-Tg mice, respectively.
In rasH2 mice, alveolar/bronchiolar hyperplasias (Fig.  1A) were observed in the groups of untreated control, UR alone, and UR + glycerol, but there were no significant intergroup differences in their incidence and multiplicity (Table 1) . Adenomas (Fig. 1B) were found in all groups except for the glycerolalone group. While the incidence and multiplicity of adenomas in both UR alone and UR + glycerol groups were greater than those in the untreated control, there were no significant differences between the UR alone and UR + glycerol groups. Although carcinomas (Fig. 1C) were induced in both UR-treated groups, there were no significant intergroup differences in the incidence and multiplicity of them. In addition, the incidence and multiplicity of combined adenomas and carcinomas in UR alone and UR + glycerol groups were significantly greater than those of the untreated control, but there were no significant intergroup differences in the incidence and multiplicity of these combined tumors between the UR alone and the UR + glycerol groups. With respect to the PCNA labeling indices, no significant difference were observed in adenomas and carcinomas between the URalone and UR + glycerol group (Table 2) . NNK experiment: In rasH2 mice, one out of 8 mice in t h e N N K a l o n e g r o u p d i e d a t w e e k 2 7 d u e t o hemangiosarcomas in the spleen. There was no death in any groups of non-Tg mice throughout the period of treatment. In rasH2 and non-Tg mice, the body weight gain of both the NNK alone and NNK + glycerol groups were slightly, but not significantly inhibited, as compared with that in the control group. No intergroup difference was found in the amount of food consumption. Both rasH2 mice and non-Tg mice ingested 5.4-6.4 g/kg glycerol per day.
In rasH2 mice, alveolar/bronchiolar hyperplasias were observed in all groups, but there were no significant intergroup differences in the incidence and multiplicity (Table 3) . Adenomas were seen in all groups except for the untreated control group, but there were no significant intergroup differences in the incidence and multiplicity. In non-Tg mice, alveolar/bronchiolar hyperplasias and adenomas were found in groups of untreated control, NNK alone and NNK + glycerol, but there were no significant differences in their incidence and multiplicity.
Discussion
Glycerol has been reported to have an enhancing effect in pulmonary tumors induced by 4-nitroquinoline 1-oxide in ddY mice [1] [2] [3] . However, such an effect could not be detected in glycerol on urethane or NNK-initiated lung tumorigenesis in rasH2 mice in the present study.
It has been reported that high activity of the cytochrome P-450-dependent mixed function oxidase system, which is thought to be related to detoxication of carcinogenic agents, is principally located in nonciliated bronchiolar cells (Clara cells) and/or type II alveolar lining cells in the lung 11, 12 . UR induces lung tumors by activating the proliferation of type II pneumocytes 13, 14 . In the process of the bioactivation, cytochrome P-450 (CYP2E1) catalyzes the oxidation of UR to vinyl carbamate epoxide 15 . The epoxide reacts with nucleic acids to form a potentially mutagenic DNA adduct, 1,N 6 -ethenoadenosin 16 . The possibility has been also r e p o r t e d t h a t h y d r o l a s e A , a n i s o z y m e o f t h e carboxylesterases which catalyzes UR detoxification 15 , inhibits the bioactivation of UR 15 . The tobacco-specific nitrosamine, NNK, is a stable compound that requires metabolic activation in order to elicit its tumorigenic effects on type II pneumocytes, and cytochrome P-450 (CYP2A5) is a catalyst of this reaction in mice [17] [18] [19] . It has two α-hydroxylation pathways through which it can be activated to DNA reactive species. Methylene hydroxylation leads to DNA metylation, and methyl hydroxylation results in DNA pyridyloxobutylation 17 . Especially, the generation of O 6 -methylguanine, methyl DNA adducts derived from NNK, results in base mispairing and mutagenesis 20 . On the other hand, the metabolism of 4NQO, glutathione conjugation, is not catalyzed by cytochrome P-450 but by glutathione transferases [21] [22] [23] . In addition, it was reported that OH -radical-like species generated in the process of 4NQO metabolism by DT-diaphorase could cause oxidative damage on the pulmonary nuclei 24 . Furthermore, since a single subcutaneous injection of 4NQO has been shown to induce marked proliferation and dilation of the smooth endoplasmic reticulum of non-ciliated (Clara) cells of Syrian golden hamsters 25 , 4NQO is considered to induce lung tumors originating from Clara cells. Based on these literatures, it can be speculated that UR and NNK are catalyzed by cytochrome P-450, and DNA adducts generated by the metabolites of these carcinogens probably induce lung tumors of type II pneumocytes 15, 17, 20 . In contrast, 4NQO is catalyzed by glutathione transferases but not by cytochrome P-450 [21] [22] [23] , and this process may cause oxidative damage in the pulmonary nuclei resulting in the induction of lung tumors of Clara cells 24 . Glycerol has been shown to induce proliferation and hypertrophy of the smooth endoplasmic reticulum in Clara cells of mice 26 , and this dilation could be associated with the generation of active oxygen radical species from the smooth endoplasmic reticulum via cytochrome P-450 systems. However, the phenotype of lung tumors induced by UR or NNK has been demonstrated to be type II pneumocytes 8, 13, 20 . Therefore, it can be speculated that glycerol targets Clara cells but not type II pneumocytes as the target cells of the tumor promoting effect.
Such differences in carcinogens used and target cells of glycerol mentioned above might be the reasons why glycerol did not show any promoting effects in lung tumors induced by UR or NNK in rasH2 mice. Furthermore, the report that glycerol did not promote the lung tumors induced by 4NQO in A/J mice 4 suggests that the effect of glycerol on pulmonary tumors is highly dependent on the genetic background of the test species. Since the susceptibility of rasH2 mice subjected to 4NQO initiation treatment to glycerol has not been reported yet, further studies are needed to confirm the promoting effect of glycerol on pulmonary tumorigenesis in rasH2 mice.
In previous validation studies of rasH2 mice, it has been shown that the incidence of lung tumors in female non-Tg mice treated with NNK was higher than that in treated rasH2 females 27 . In addition, in our previous study, the incidence and multiplicity of lung tumors in female rasH2 mice given intraperitoneal injection of 3 mg/mouse of NNK once a week for 2 weeks followed by untreatment for 26 weeks were much lower than those in non-Tg females treated with NNK 28 . Similar results were also obtained in the present study. These results suggest that rasH2 mice are less susceptible to NNK-induced lung carcinogenesis compared to the treated non-Tg mice. The reason of this less susceptibility in rasH2 mice must be clarified in the future. 
